Abstract. Since the early 1990s, Mediterranean gorse shrublands have expanded significantly in the Mediterranean regions of Spain mainly as a result of the increase in the frequency and extension of forest fires. Mediterranean gorse (Ulex parviflorus), which has been described as a degradation stage of forest communities after fire, has also been described as a fire-prone community. Thus, its presence increases the risk that new fires might occur. In spite of this evidence, there is little information on both the composition and structural characteristics of these communities or the relationship that might exist between these vegetation characteristics and fire behaviour. In this paper we present the results of a characterization of the vegetative structure (plant density, specific composition, biomass fractions, and horizontal and vertical fuel distribution) in Mediterranean gorse. We also analyse fire behaviour using indicators obtained at different scales. Our results show mature Mediterranean gorse shrublands to be communities with high biomass values (3000-4000 g m −2 ) and high horizontal and vertical vegetation continuity, in which the proportion of fine dead fuel fractions with low moisture content is around 50% of the total phytomass present. Ulex parviflorus is the dominant species and its degree of dominance is a key element in the behaviour of fire. Both the fire-line intensity values and the fire severity values observed can be considered high with respect to those observed in other Mediterranean communities, thus confirming Mediterranean gorse as a high-risk community.
Introduction
The effect of fire on Mediterranean ecosystems has been a research priority in ecological studies for several years. Nevertheless, in spite of considerable efforts in fire research, our ability to predict the impact of a fire is still limited, and this is partly due to the great variability in fire behaviour in different plant communities (Gill 1981; Pérez and Moreno 1998) .
During the first half of the 1990s, forest fires were frequent in the western Mediterranean area and especially in eastern Spain (Vallejo and Alloza 1998) . Many of these fires took place in Pinus halepensis forests established on old croplands (Baeza et al. 2002) , where the presence of woody resprouting species is scarce and post-fire woody regeneration is primarily produced from obligate seeders species (Vallejo and Alloza 1998) . Under these conditions, forest regeneration has resulted in the expansion of the Mediterranean gorse (Ulex parviflorus) (Baeza 2001) .
At present, i.e. 7-9 years after the 1990s forest fires, many of these Mediterranean gorse communities are reaching a state of maturity in which they are accumulating fine and dead standing biomass (Baeza 2001) , increasing the risk of new fires. Thus, the Mediterranean gorse community is very problematic for fire prevention in eastern Spain but, in spite of this, there is still a profound lack of knowledge on both their structure and fire behaviour.
Numerous studies on other fire-prone communities have established the relation between specific composition or vegetation structure and fire behaviour: vegetation height/flame height (Trabaud 1979; Chandler et al. 1983) ; vegetation height/maximum temperatures (Hobbs and Gimingham 1984) ; horizontal and vertical fuel continuity/fire behaviour (Brown 1981; Basanta et al. 1988; Whelan and York 1998) ; total biomass/intensity and severity (Papió and Trabaud 1991; Bessie and Johnson 1995) ; fractional fuel structure/intensity and velocity of fire propagation (Burgan and Rothermel 1984; Papió and Trabaud 1991) ; moisture content of live and dead fractions/intensity and severity (Cheney et al. 1993; Johnson and Miyanishi 1995; Burgan et al. 1998; Piñol et al. 1998) . Thus a detailed knowledge of the structure of the fire-prone community is considered the first step in any attempt to predict fire behaviour and evaluate its possible consequences for the ecosystem Oechel 1991a, 1991b; Usó et al. 1997) .
Based on these considerations, the objectives of our study were first to make a detailed characterization of the structure and composition of one of the most representative and problematic communities in the Spanish Mediterranean area: the Mediterranean gorse. At the same time, we attempted to evaluate fire behaviour in these communities under moderate climatic conditions. For the characterization we used various indicators of both fire intensity and fire severity. The approximations were made at different spatial scales and related to the characteristics of the previous vegetation with the aim of facilitating our capacity to predict fire behaviour for these communities.
Materials and methods

Study area
The community studied encompasses shrubland formations of the Rosmarino-Ericion alliance (De la Torre and Alías 1996). These vegetation formations, composed of tall and dense shrublands, extend along the entire Mediterranean flank of Spain, occupy areas with different degrees of perturbation, and usually have U. parviflorus as the dominant species (Tatoni 1992) .
The study area is located in the Sierra de Onil (00 • 39 E, 38 • 43 N), 40 km NW of Alicante (eastern Spain), on three 26-27 • slopes facing S, NE and N, respectively. Altitude is 800 m.a.s.l. and climate is classified as Dry-subhumid Mediterranean. The three sites constitute a degradation stage of a previous Pinus halepensis community burned in 1984.
On each site we selected two 33 × 33 m areas. Inside each of these we marked of four 2 × 2 m plots in which we evaluated the vegetation characteristics. On every one of these 24 plots (2 × 2 m) we measured all the shrub-size plants for height (in the case of U. parviflorus we differentiated fine dead fuel height from photosynthetic fraction height). The total number of plants sampled was 1206; 735 corresponded to U. parviflorus, 271 to Rosmarinus officinalis, 174 to Cistus albidus, 10 to Cistus clusii, 6 to Dorycnium pentaphyllum, 3 to Genista scorpius, 3 to Pinus halepensis, 2 to Juniperus oxycedrus and 1 each to Ononis fruticosa and Quercus coccifera.
Vegetation cover was measured according to the line-point method (Gounot 1969 ). On each plot we registered the species vertically intercepted by a metal rod of 4 mm in diameter. A sampling grid of 7 × 7 points was used for the measurements. At each point all the contacts were recorded in six 25-cm vertical segments (from the 0-25 cm profile to the 125-150 cm profile). In the case of U. parviflorus, we also differentiated whether the contact corresponded to photosynthetic fraction (green phytomass) or fine dead fuel.
Biomass estimates for U. parviflorus individuals were based on allometric relations reported by Baeza et al. (1998) for an area contiguous to the study area. These relations permitted us to estimate not only the total biomass of each individual plant but also the weight of each fraction (phyllodes or the photosynthetic fraction and fine dead fuel: composed of dead phyllodes or/and dry branches of <0.64 cm in diameter). For the other dominant shrub species (C. albidus and R. officinalis), the allometries were obtained from the extraction of 20 individuals of each species from an adjacent area (Table 1) . With respect to the remaining species and given their low contribution (scarcely 2% of the total), we based our estimations on extracted plants of similar size to those present in the plots under study. Comparison of species density and biomass was done using one-way ANOVA. The Tukey test was applied to test for differences between sites.
Moisture content of the vegetation was obtained from 10 samples of the main abundance species immediately before each burning. For U. parviflorus we carried out measurements for each of the above-mentioned fractions. Samples were oven-dried at 80 • C for 24 h and the fuel moisture was expressed as a percentage of dried weight. 
Experimental fires
In October 1996, we burned one 33 × 33 m area on each of the three selected sites on windless days after the first autumn rains. Burns were performed early in the morning when dead fuel moisture content was near saturation. These conditions could not be interpreted as typical of wildfires (which occur mainly in summer when moisture levels are much lower) and results must be viewed as the minimum expected intensities for these ecosystems.
The areas to be burned were previously delimited by a 5 m-wide fire-break in which the vegetation was eliminated through mechanical brushing. Firefighters and forest rangers were present at each of the experimental burns ( Fig. 1) . Three fires were ignited in the upper side of the plots with continuous linear fire fronts propagating downslope (backfires).
The fire-propagation velocity on each site was estimated with the use of four metal poles situated at fixed distances within the study area. Fire intensity was calculated for each of the three experimental fires by means of Byram's equation (Byram 1959) ;
where H is the combustion heat associated with the species (kJ kg −1 ), W is the weight of the fuel consumed per unit area (g m −2 ), and R is the rate of spread (m s −1 ). The combustion heat (H ) used for U. parviflorus was 21 050 kJ kg −1 and for the other species it was 19 500 kJ kg −1 (Heim 1974; Elvira and Hernando 1989) . In each case these values were adapted to the moisture conditions of the vegetation prior to the fires (Alexander 1982) . Fuel-consumed weight (W ) was calculated as the difference between the total initial biomass (vegetation + litter) and the debris quantified after the fires (woody debris + litter debris). We used the BEHAVE simulation program (Andrews et al. 2001 ) using fuel model 6 in order to compare observed results with those predicted by the model. We applied the BEHAVE program in order to predict fire behaviour under different weather conditions. Post-fire litter debris was estimated with a square portable frame (Campbell 1977 ) that enables a total of 49 measurements (7 × 7) at surface level to be taken at 25 cm intervals. At each point the post-fire residual substrate was determined, and samplings were taken at points with similar characteristics on plots adjacent to the experimental plots in order to make mass estimations. The basal and apical diameters of the trunks remaining on each plot were also measured and their mass was estimated on the basis of samples taken on external plots.
The evolution in temperatures during the experiments was registered by two groups of thermocouples (K type), placed at −5, −3, −2, −1 and 0 cm. Registers began 15 min before the burns and ended 2 h after fire extinguishment.
For each fire we obtained the maximum temperature reached (T max ) at each sampling point and at each depth considered. Moreover, at each depth we calculated the residence time of temperatures above certain values (90, 120, 150, 180 and 210 • C).
Results
Specific composition
Total plant density was similar for the three sites studied (18, 15 and 17 plants m −2 for sites 1, 2 and 3, respectively). On all three sites U. parviflorus was the dominant species, representing more than 50% of the total plants present (Table 2) .
Cistus albidus represented 26% of site 3, 15% of site 2 and 1.5% of site 1. In number and relative importance, R. officinalis was abundant only in site 1. The remaining species appeared in very low densities, representing only 0.4%, 3% and 4% of the total plant species (Table 2) .
Vegetation cover
The community studied showed a total cover of practically 100% and it was dominated mainly by B. retusum and U. parviflorus. Ulex parviflorus showed very high cover values in all three sites. The fine dead fuel fraction showed maximum density in intermediate strata (25 and 50 cm) (Fig. 2a) whereas the photosynthetic fraction showed a vertical distribution concentrated in the higher strata (75-125 cm) ( Fig. 2b;  Fig. 3 ). Brachypodium retusum, the other dominant species, showed high cover values for the three sites studied; in all cases it was the dominant species in the lower strata (Fig. 2c) . The remaining species provided important cover on a local basis only. Rosmarinus officinalis was especially abundant in site 1 and C. albidus in sites 2 and 3. Other species showed notable cover values only in site 3 (Table 2) .
Fuel load
Estimated total biomass differed significantly between the three study areas. In North-facing slopes (sites 2 and 3), total biomass averaged between 4510 and 4119 g m −2 while, in site 1, (South-facing), it was significantly lower, reaching only 2844 g m −2 (P < 0.01).
In terms of biomass, U. parviflorus was the dominant species in all three sites and the main cause of these differences (Table 2) . Rosmarinus officinalis and C. albidus were present in all three sites, but not in the same proportion. There was significantly higher density and biomass of R. officinalis in site 1 than in sites 2 and 3. Cistus albidus showed higher density and biomass in site 3 compared with site 1, while site 2 has an intermediate density and showed no significant difference from the other two sites. The contribution of other species present in the communities was extremely low in all three sites (Table 2) .
Given the great abundance of U. parviflorus within the community group, the percentage of green fractions in the total biomass was less than 30% in all sites. The fraction corresponding to trunks (Ø > 2.56 cm) represented another 25%, while the fine dead fuel fraction (Ø < 2.56 cm) represented around 50% of the total biomass of the community.
Fire behaviour
The fire-propagation velocity was higher in site 1 than in sites 2 and 3 (Table 4) . Fire-line intensity values observed are of the same order as those predicted by the BEHAVE simulation program (Andrews et al. 2001 ) using fuel model 6 and parameters included in Table 3 . These values, as well as the others used to calculate the fire-line intensity index and to run BEHAVE, are shown in Table 3 .
In all three study areas the maximum temperatures reached showed a negative exponential relation (P < 0.001) with soil depth (Fig. 4) . The absolute maxima were registered at the soil surface (0 cm), where the maximum temperatures reached 410 • C in site 2, 390 • C in site 1 and 260 • C in site 3. At both the soil surface and the different soil depths considered, the maximum residence times were registered in site 2 and the minimum ones in site 3 (Table 4) .
The leaf litter consumption rate also showed significant differences between the three experimental fires (P = 0.0274). After the fire, litter debris represented a significantly lower cover in site 2 (23%) than in the other two sites (42 and 43% in sites 3 and 1, respectively). Moreover, in sites 1 and 2 litter debris was mainly composed of the remains of U. parviflorus and R. officinalis (86 and 95%, respectively), while in site 3 the dominant fraction corresponded to unburned remains of C. albidus (Table 4) .
When we compared post-fire organic remains, we found that site 2 presented the lowest quantities (46 g m −2 ). Above this was site 1 with 91 g m −2 . The elevated presence of C. albidus organic remains in site 3 (due to their larger size) allowed us to separate this site from the other two (237 g m −2 ). 
Discussion
Vegetation characteristics
The total biomass values found in 12-year-old Mediterranean gorse shrublands (2844; 4510 and 4119 g m −2 ) are of the same order as those observed by Baeza (2001) in mature Mediterranean gorse shrublands of the Valencia Community. This author reported biomass values of 1335 g m −2 in 3-year-old, 4058 g m −2 in 9-year-old and 5908 g m −2 in 17-year-old communities. These values are also similar to those observed in Atlantic gorse shrublands by Basanta et al. (1988) and , who cited total biomasses varying between 2500 and 6000 g m −2 . In relation to other types of shrublands in the Mediterranean area, the gorse shrublands studied reached notably higher aerial biomass values (Trabaud 1980; Francis and Thornes 1990; González-Hidalgo 1992) . The U. parviflorus dominance observed in our study also coincides with values described by other authors: 75-80% in the mature communities described by Baeza (2001) and around 90% in those described by .
Fine dead fuels (<0.64 cm diameter) were the most abundant fraction in the vegetation structure. Observed values were much higher than the values described by Papió (1990) in the Garraf and by Papió and Trabaud (1991) in Genista scorpius communities. In other Mediterranean communities, such as the chaparral, the relative presence of dead fractions with low moisture content is also much lower (Specht 1969; Gray 1982; Riggan et al. 1988) than that observed in these mature Mediterranean gorse shrublands.
Fire intensity
Fire intensity values registered in this study can be considered quite high and are within the range described by Baeza (2001) in 9-year-old Mediterranean gorses submitted to controlled burns. They exceed those reported in Atlantic shrublands in Galicia and Portugal (Botelho et al. 1994) and Scotland (Hobbs and Gimingham 1984) ; they even approximate the values described by Trabaud (1979) for Quercus coccifera shrublands with considerably larger fuel loads.
In conclusion, the inflammability and capacity to generate high-intensity fires observed in shrub communities in other regions of the world (Fogarty 1996; Fernandes 2001) , also seem to be confirmed in the case of the Mediterranean gorse shrublands of eastern Spain. Even under the low-risk climatic conditions in which the experimental burns were conducted, the fire intensities reached were higher than those recommended for experimental fires (Vélez 2000) . Moreover, these intensity values reached were far above the highest established control threshold (400-425 kW m −1 ) quoted by Chandler et al. (1983) for suppression with hand tools.
Under these vegetation conditions, even in autumn time with highest fuel moisture content, windy days (i.e. 20 km h −1 ) could greatly increase fire-line intensity values through higher than 15 000 kW m −1 . Moreover, with summer weather conditions when moisture contents of fine dead fuel can reach values lower than 10%, live fuel moisture hardly reaches 40%, and southern winds occur frequently, fire-line intensity would reach values even higher than 500 000 kW m −1 (results obtained through simulation by BehavePlus).
Fire intensity values obtained using BehavePlus simulation program (fuel model 6) seem to fit fairly well to those observed. In contrast, rate of spread values predicted greatly overestimate observed ones. In Mediterranean gorse shrublands, bulk densities could be higher than those used for fuel model 6 and thus could have a lower degree of vegetation aeration which could reduce the heat flux transfer and the rapid advance of the front, as Whelan andYork (1998) described for Hakea sp.-dominated mature communities. This fact could also be the cause of the higher rate of spread detected in site 1 where there were lower amounts of available fuel.
There exists a profound lack of knowledge on fire behaviour for Mediterranean gorse shrublands and much more experimental data covering a wide range of conditions is necessary in order to validate the relation between observed fire-line intensity values and those predicted by the BehavePlus program using fuel model 6. Thus, these simulation predictions must be considered with caution.
Soil temperatures and leaf-litter consumptions
The maximum temperatures reached during the burns, like those described by numerous authors, followed an exponential function of descent with depth (Bradstock et al. 1992; Valette et al. 1994; Bradstock and Auld 1995) . Nevertheless, the maximum temperatures usually cited in other Mediterranean shrub communities are considerably lower than those registered in our study. In the California chaparral (DeBano et al. 1977) , in the garrigues of southern France (Trabaud 1979) and in Mediterranean ecosystems of southeastern Australia (Floyd 1966; Auld and O'Connell 1991; Bradstock and Auld 1995) , the variations normally registered are between 50 and 150 • C at depths of 0-5 cm. Likewise, the temperatures reached in prescribed burns in mature Atlantic gorse in northern Spain are also considerably lower than those registered in our burns. Thus, Díaz-Fierros et al. (1990) and Soto et al. (1993) registered maximum temperatures of 250 • C at the soil surface with only a 10 • C increase at the 2 cm depth.
Our results do coincide, however, with other authors working in mature Mediterranean gorse communities under similar climatic conditions. For example, inside the Valencia Community, Llinares (1998, 2001 ) studied 9-year-old Mediterranean gorse with a fuel load of 2000 g m −2 and recorded ground temperatures of 341 • C. Baeza (2001) has also found maximum values similar to ours in mature Mediterranean gorse (9 years old) in the province of Alicante: between 296.5 and 672.2 • C at the ground surface and between 40.3 and 70.5 • C at depths of 2.5 cm.
Despite the fact that residence times above a given temperature(s) are considered to be the best estimation of fire severity (Pérez and Moreno 1998) , few studies present these registers in an explicit way. In this respect, the results of our three burns are in the same order as those described by Llinares (1998, 2001 ) in 9-year-old Mediterranean gorse with 2000 g m −2 of biomass (between 5 and 34 min above 100 • C).
In our study both leaf-litter consumption and ash contribution were notably different from those described in the literature for prescribed burns in similar communities. We found much higher values for these two factors than those presented by , who reported values of between 8.4 and 8.7 g m −2 (four times lower than ours). Moreover, Carreira and Niell (1995) reported litter consumptions of 63%; although this is higher than the 47.6% losses observed in site 3, it is lower than the litter-consumption percentages observed in site 1 (77.9%) and much lower than the results of site 2 (86.7%). Other fire-prone communities have also reported values that are generally lower than ours: leaf-litter consumptions of 47% have been observed in California chaparral (DeBano and Conrad 1978) while values between 10% and 30% have been cited for Catalan Mediterranean systems (Canadell and Fontanillas 1987) .
On the three sites studied we found notable differences with respect to the intensity and severity of the burns, in spite of the fact that they were carried out in the same time period, in similar communities and under similar climatic conditions. This fact has been pointed out repeatedly in other communities (Whelan and York 1998; Baeza 2001) , and it has been suggested that small variations in fuel amounts or in vegetation moisture content (Johnson and Miyanishi 1995; Baeza et al. 2002) could be responsible for these differences. In our experience, a higher intensity value was reached in site 1 (located on a South-facing slope) where live woody moisture content was lower than observed in sites 2 and 3 (located on North-facing slopes).
On the other hand, the maximum temperatures observed, together with the residence times and the litter-consumption rates, seem to be positively correlated with each other and also with the amounts of available fuel. In this sense, Aston and Gill (1976) and Schimmel and Granström (1996) suggested that the temperatures and their ground residence times could be related to fuel amounts. Nevertheless, the specific composition of the vegetation seems to play a decisive role in the temperatures registered during a controlled burn; this fact confirms U. parviflorus as an especially inflammable species capable of generating fires of elevated severity. Our results, like those of Baeza (2001) , suggest that fire severity in Mediterranean gorse communities is highly dependent on the relative abundance of U. parviflorus in relation to other species. R. officinalis or C. albidus are species that usually accompany U. parviflorus in Mediterranean gorse communities (Baeza 2001; Molina and Llinares 2001) , and their presence seems to be a determining factor in the severity of the burns. Cistus albidus and R. officinalis (contrary to U. parviflorus) do not accumulate standing dead fuel and, consequently, they represent an important discontinuity in the presence of these dead fine fuel fractions with lower moisture content (Baeza et al. 2002) . This fuel distribution discontinuity is especially important in the vegetation strata nearest to the ground; it decisively conditions the quality and quantity of fuel in these strata and is thus a determining factor in fire behaviour at ground surface.
In conclusion, the bibliographic values found for both fire intensity and fire severity are lower than the values we registered in our study. This fact reaffirms once again the observation by Baeza (2001) about the extreme combustibility of the dominant species U. parviflorus. At the same time, it also reaffirms the high spatial variability observed in fire behaviour, even in very similar communities and conditions (Whelan 1995; Whelan and York 1998) .
This variability in fire behaviour, associated with amounts and types of fuel, becomes even more accentuated when observed at the microscale. After the fire, due to the heterogeneous distribution of the vegetation and leaf litter, a mosaic of microenvironments (composed of unburnt leaf litter, ashes and bare soil) with quite different sensitivity to soil erosion was generated (de Luis et al. 2003) . That in turn, could affect strongly vegetation regeneration processes (De Luis et al. 2001; De Luis et al., in press ). We are currently investigating the vulnerability of these microenvironments to erosion processes as well as their different regeneration rates.
